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Abstract. We report on the magnetic properties of CsCo2Se2 with ThCr2Si2
structure, which we have characterized through a series of magnetization and neutron
diffraction measurements. We find that CsCo2Se2 undergoes a phase transition to an
antiferromagnetically ordered state with a Ne´el temperature of TN ≈ 66 K. The nearest
neighbour interactions are ferromagnetic as observed by the positive Curie-Weiss
temperature of Θ ≈ 51.0 K. We find that the magnetic structure of CsCo2Se2 consists
of ferromagnetic sheets, which are stacked antiferromagnetically along the tetragonal c-
axis, generally referred to as A-type antiferromagnetic order. The observed magnitude
of the ordered magnetic moment at T = 1.5 K is found to be only 0.20(1)µBohr/Co.
Already in comparably small magnetic fields of µ0HMM (5K) ≈ 0.3 T, we observe a
metamagnetic transition that can be attributed to spin-rearrangements of CsCo2Se2,
with the moments fully ferromagnetically saturated in a magnetic field of µ0HFM(5K)
≈ 6.4 T. We discuss the entire experimentally deduced magnetic phase diagram for
CsCo2Se2 with respect to its unconventionally weak magnetic coupling. Our study
characterizes CsCo2Se2, which is chemically and electronically posed closely to the
AxFe2-ySe2 superconductors, as a host of versatile magnetic interactions.
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1. Introduction
Antiferromagnetically ordered (AFM) compounds that can undergo a phase transition
to a ferromagnetically ordered (FM) state upon the application of an external magnetic
field are referred to as metamagnets [1]. If an external magnetic field is large enough,
the magnetic moments of all unbound electrons will eventually line up with the
applied magnetic field, causing a large overall magnetic moment [2]. Commonly, very
large magnetic fields are necessary in order to observe so-called spin-flip or spin-flop
metamagnetic transitions of compounds with a AFM ground-state (see, e.g., reference
[1]).
CsCo2Se2 belongs to the layered tetragonal ThCr2Si2 structure type, which has
over 600 intermetallic members, and another 200 intermetallics crystallize in the variant
with CaBe2Ge2 structure [3, 4]. These AT2X2 structures are the most common crystal
structures among ternary compounds. CsCo2Se2 consists of stacked covalently bonded
transition metal-metalloid Co2Se2 layers, where cobalt is coordinated tetrahedrally in
CoSe4. The ThCr2Si2 structure type has recently been found to be a suitable host
for exotic physical properties, such as the occurrence of structure-driven quantum
critical points at cT -ucT phase transitions, e.g. in SrCo2(Ge1-xPx )2 [5, 6, 7, 8], or the
heavy-fermionic superconductivity in KNi2Se2 [9]. Of exceptional scientific interest are
the AxFe2-ySe2 (A = K, Rb, Cs) superconductors, which also crystallize in this structure
type [10, 12, 11]. A close interplay of magnetic order and superconductivity has been
discovered in these materials. They exhibit an antiferromagnetic ordering below TN ≈
480 K and become superconducting at Tc ≈ 30 K [13, 14, 15]. The co-existence of these
two broken states of symmetry is most likely caused by an intrinsic mesoscopic phase
separation, which hosts a complex network of superconducting and antiferromagnetic
domains [16]. The coexistence and competition of magnetic and superconducting
phases is a significant common feature of all iron-based superconductors (see, e.g.,
references [17, 18, 19, 20]). Generally, the parent compounds are antiferromagnets,
which become superconductors upon hole or electron doping, consequently suppressing
the Ne´el temperature [21].
Among the compounds ACo2X2 (with A = K, Rb, Cs, Tl and X = S, Se),
which are related to the iron-based superconductors, CsCo2Se2 and TlCo2Se2 are the
only two antiferromagnets [22, 23]. The other compounds have been found to order
ferromagnetically at temperatures between TC ≈ 50 K and 110 K [22, 23]. In TlCo2Se2
the magnetic moments were found to order in a non-collinear incommensurate magnetic
structure leading to an overall zero net magnetic moment [24, 25]. This phase has
received considerable experimental and theoretical attention, because it is one of the
few cobalt-based compounds with non-collinear magnetic ordering (see, e.g., reference
[26, 27]). Here, we present the magnetic properties of CsCo2Se2, a compound we find to
be an A-type antiferromagnet, which displays metamagnetic field-induced transitions
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initiated in external magnetic fields even below µ0H < 1 T.
2. Experiment
All samples were prepared by high-temperature solid state synthesis, the sample
handling was carried out in an argon or helium glove box under inert atmosphere.
Powders of cobalt (99.9 % purity) and selenium (99.99 % purity) were thoroughly mixed
in a stoichiometric ratio, pressed to a pellet, and placed in a quartz tube. Caesium
(99.5 % purity) was weighted into a quartz container, which was placed into the quartz
tube, next to the pellet. The elements were sealed in a double-wall evacuated quartz
ampoule and rapidly heated to 1000 ◦C for 2 h. The melt was slowly cooled down to
750 ◦C at the rate of 6 ◦C/h and then cooled down to room temperature at a rate of
200 ◦C/h. Large dark crystals with a golden lustre were obtained, which could easily
be cleaved into plates with flat shiny surfaces.
The magnetization was studied using a Quantum Design Magnetic Properties
Measurements System (MPMS) XL 7 T with a differential superconducting quantum
interference device (SQUID) equipped with a reciprocating sample option (RSO). The
measurements were performed in a temperature range from T = 5 to 300 K and in fields
between µ0H = 0 T and 7 T. The extremely air and moisture sensitive samples were
vacuum sealed in quartz ampoules of 5 mm diameter and approximately 10 cm length.
In the quartz ampoule the samples were fixed between two quartz cylinders of approxi-
mately 5 cm length. Such sample mounting was found to provide a stable surrounding
and it produces only a minor background signal to the magnetization measurements [28].
Neutron powder diffraction (NPD) experiments were carried out at the SINQ
spallation source at the Paul Scherrer Institute (Switzerland) using the high-resolution
diffractometer for thermal neutrons (HRPT) [29]. A wavelength of λ = 1.886 A˚ was
employed, measurements were performed at T = 100 K and 1.5 K. The NPD experi-
ments in magnetic fields were carried out with a superconducting magnet (MAO6) that
can provide fields up to µ0H ≤ 6 T with the magnetic field H vertical to the scattering
plane. The sample for the NPD experiments consisted of crushed single crystals loaded
into vanadium containers with an indium seal. The refinements were carried out by
the Rietveld method using the FULLPROF program integrated in the WINPLOTR software
[30]. Diffraction maxima were fitted with the Thompson-Cox-Hastings pseudo-Voigt
function starting from the instrumental resolution values for the profile parameters U,
V, W, and Y. The symmetry analysis was performed using the ISODISTORT tool based
on the ISOTROPY software [31, 32] and the BasiRep program [30].
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Figure 1. The temperature dependence of the magnetic susceptibility of CsCo2Se2
measured in a temperature range between 5 K and 300 K in an applied magnetic field
of µ0H = 0.1 T.
3. Results and Discussion
In figure 1, we show the temperature dependent magnetic susceptibility χ = M/H of
single crystals of CsCo2Se2 in a magnetic field of µ0H = 0.1 T applied perpendicular to
the c-axis. We find CsCo2Se2 to be an antiferromagnet (AFM) with a Ne´el temperature
of TN ≈ 66 K, and with a sharp transition, indicating the good quality of the sample.
The observed transition temperature is in agreement with the recently reported value
for the AFM transition in CsCo2Se2 by Yang et al. [23] It is, however, higher than the
previously reported value for polycrystalline samples with a TN ≈ 15 K by Huan et al.
[22] Furthermore, the additional transition at 15 K reported in reference [23] is not
observed. A transition at these temperatures was only observed for samples which were
shortly exposed to air, indicating the formation of a magnetic decomposition product.
In order to determine the effective magnetic moment µeff and the Curie-temperature
ΘCW, the Curie-Weiss fit above the AFM transition according to χ(T ) =
C
T−ΘCW from
T = 300 to 150 K was performed. The effective moment is with a value of µeff ≈ 1.81
µBohr/Co of similar size to comparable intermetallic compounds with the same crystal
structure (see, e.g. reference [5]). The positive value of ΘCW ≈ 51.0 K indicates that
the nearest neighbour interaction between the magnetic moments is ferromagnetic, in
contrary to the overall antiferromagnetic ordering.
In figure 2a, we show the NPD data of pulverized CsCo2Se2 crystals at 100 K,
which was collected with a wavelength of λ = 1.886 A˚. As expected, most reflections
of the diffraction pattern can be well explained with a ThCr2Si2 structure type model
with space group I4/mmm. The cell parameters are found to be a ≈ 3.842 A˚ and c ≈
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Figure 2. Neutron powder diffraction pattern of polycrystalline CsCo2Se2 at 100
K (a) and 1.5 K (b) collected with a wavelength of λ = 1.886 A˚. Black and blue
circles, observed patterns; red curves, calculated patterns; black tic marks, calculated
peak positions for the crystal structure of CsCo2Se2; blue tic marks, calculated peak
positions for the magnetic reflections of CsCo2Se2.
15.041 A˚ at 100 K. Several additionally observed Bragg reflections cannot be explained
solely with this structure model, or with known phases of the Cs-Co-Se phase diagram.
They can most likely be attributed to a decomposition product of the extremely
air sensitive CsCo2Se2 compound (see above). A similar sensitivity to moisture and
air has earlier been observed for the chemically closely related A1-xFe2-ySe2 phases
[33, 28]. Furthermore, it was not possible to obtain an improved fit to the structure
data with one of the ThCr2Si2-related polytypes or with a superlattice structure. A
reasonable indexing solution to the extra peaks was obtained with a tetragonal cell
with a ≈ 8.815 A˚ and c ≈ 9.209 A˚. Since there are no obvious candidate impurities for
this cell, the additional peaks have not been taken into account for a more accurate
magnetic structure refinement (grey points in figure 2). CsCo2Se2 is an extremely air
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Figure 3. Crystal and magnetic structure of CsCo2Se2, the magnetic moments on the
cobalt position of the A-type AFM structure are displayed as red arrows.
sensitive compound. It even decomposes in an argon-filled glovebox with almost zero
O2 or H2O. The decomposition phases cannot be avoided. This does, however, not af-
fect the scattering experiments or magnetic structure solution presented in the following.
At the bottom of figure 2, we show the NPD data of the same polycrystalline
CsCo2Se2 sample at 1.5 K collected with a wavelength of λ = 1.886 A˚. We observe
a single magnetic diffraction peak at 2Θ = 7.2◦ that corresponds to the (001)
reflection of the tetragonal crystal structure on hand. It can be indexed with the
propagation vector ~k = [1, 0, 0]. This implies an AFM order for the body centered
Bravais lattice. A symmetry treatment was used for the modelling of the magnetic
structure, thereby the magnetically ordered structures are described in terms of
their magnetic propagation vector and the irreducible representations (see, references
[30, 31, 32, 34]). The decomposition of the magnetic representation for the I4/mmm
space group in Kovalev’s notation (τi are the allowed irreducible representations of
the symmetry groups Gk), with the propagation vector ~k = ~k15 = [1, 0, 0] for cobalt
in the crystallographic 4d (0,1/2,1/4) position gives the following allowed symmetry
solutions: τ2, τ5, τ9, and τ10. The one-dimensional irreducible representations τ2 and
τ5 give solutions for the magnetic structure, where the magnetic moments are aligned
along the crystallographic c-axis. However, the magnetic (001) reflection is observed
and therefore both these magnetic structures can be rejected. The two-dimensional
irreducible representations τ9 and τ10 give magnetic structure configurations with
the magnetic moments aligned along directions in the ab plane. Of these two, the
chessboard solution τ9 can be rejected, because the structure factor Fhkl for the Bragg
reflection (001) must for τ9 be zero due to symmetry. Thus, we have a unique solution
τ10; here the magnetic moments form FM sheets with the spin direction in the ab
plane with a magnetic coupling of 0.20(1)µBohr/Co. The magnetic structure refinement
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Figure 4. Magnetic susceptibility χ (a) and the magnetization m (b) in a temperature
range of T = 5 K to 100 K in magnetic fields µ0H from 1 T to 7 T in 0.5 T steps.
together with the structural refinement is shown in figure 2 and in the inset therein.
The corresponding real-space magnetic structure is depicted in figure 3. It should be
noted that the direction of the magnetic moments in the layer cannot be deduced from
our experimental data. This solution can also be represented in the Shubnikov magnetic
group Pc21/m (No. 11.57) with the cobalt atoms in the 4h position (
3
4
,1
2
,1
2
;mx,0,mz).
In this case, the basis transformation from the parent tetragonal paramagnetic
group to the monoclinic Shubnikov group is (1,1,0),(0,0,-1),(-1,0,0) with the origin shift
(1
4
,1
4
,1
4
). This magnetic structure it commonly referred to as A-type antiferromagnetism.
In figure 4, we show the magnetic susceptibility as χ = M/H (a) and the
magnetization (b) in a temperature range between T = 5 K to 100 K with the
external field µ0H perpendicular to the c axis of CsCo2Se2. These measurements were
performed in magnetic fields ranging from µ0H = 1 T to 7 T in 0.5 T steps. The clearly
pronounced metamagnetic transition from a AFM orientation to a FM orientation
of the magnetic moments can be observed in these measurements. The transition
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Figure 5. (a) Magnetization m(H) versus the magnetic field µ0H of CsCo2Se2
for temperatures between 5 K and 60 K (below TN). (b) Field dependence of the
magnetization at 15 K and its second derivative d2m/dH2. (c) Phase diagram of
CsCo2Se2 for magnetic fields up to 7 T, determined from field dependent magnetization
measurements, according to the criteria illustrated in (b).
temperature is shifted only slightly to lower temperatures with higher magnetic fields.
A clear saturation of the magnetic moments in a FM or canted AFM alignment is found
in fields greater than µ0H ≈ 6 T , while the transition is observed to be continuous.
In figure 5a, the field-dependent magnetization of CsCo2Se2 at 5, 15, 25, 30, 35, 45,
55 and 60 K is shown. As expected, the field dependence of the magnetization of
CsCo2Se2 deviates from a common AFM behaviour and further supports the scenario of
a spin reorientation and therefore of a metamagnetic transition. Three distinct regimes
can be determined in the field dependent magnetization. The fields necessary for the
initialization of the metamagnetic transition is small compared to other metamagnetic
materials (see, e.g., [35]).
Four different magnetic phases can therefore be identified in CsCo2Se2: a para-
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Figure 6. Neutron powder diffraction data of CsCo2Se2 in magnetic fields µ0H = 0
T, 2 T, 4 T, 4.5 T, 5 T, 5.5 T, and 6 T at T = 1.5 K measured with a wavelength of
λ = 1.886 A˚. The data is normalized to the intensity of the structural Bragg reflection
(002).
magnetic high-temperature phase (PM), an antiferromagnetically ordered phase
(AFM), one or more metamagnetic phase transitions (MM), and a ferromagnetically
ordered phase (FM). This nomenclature is thereby chosen on the basis of earlier
reports of similar magnetic properties (see, e.g., reference [37]). Here, we have used
the deviations from linearity, as observed in the second derivative (d2m/dH2), in the
field-dependent magnetization as a measure for the respective critical fields (HMM
and HFM). This procedure is illustrated in figure 5a for the measurement at T = 15
K. By applying these criteria to the various measured temperatures, we are able to
draw a summarizing magnetic phase diagram for CsCo2Se2 as shown in figure 5c. It
should be noted that all of the observed transitions are continuous and that all here
determined critical fields are not strict quantities. Furthermore, at higher temperatures
the transitions broaden and are less pronounced in the field-dependent magnetization
M(H) (represented by the open circles). The observed phase diagram is in qualitative
agreement with other metamagnetic materials. Thereby, layered A-type antiferromag-
netic materials often undergo metamagnetic transitions in external magnetic fields
parallel to the antiferromagnetically ordered spin lattices, because the interlayer AFM
coupling is in such an alignment comparably weak. The transitions observed here are in
general agreement with earlier observations by Yang J et al. [23], however in this earlier
study a lower HFM was observed. This discrepancy might most likely be connected
to a variable off-stoichiometric composition of the compound as it has been exten-
sively studied for the closely-related A1-xFe2-ySe2 and FeSe phases (see, e.g. [28, 33, 36]).
In figure 6, we show the NPD data of CsCo2Se2 in magnetic fields µ0H = 0
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T, 2 T, 4 T, 4.5 T, 5 T, 5.5 T, and 6 T at T = 1.5 K, measured with a wavelength
of λ = 1.886 A˚. The data is normalized to the intensity of the structural Bragg
reflection (002). For better clarity only the data in the vicinity of the magnetic (001)
reflection is shown. The intensity of the magnetic (001) reflection is slightly decreased
in magnetic fields of µ0H = 2 T and 4 T. According to the phase diagram (see
figure 5) in these fields a small magnetic moment in the direction of the external field
can be expected due to possible canting where the ferromagnetic moment increases.
Therefore, the symmetry of the magnetic order is only slightly perturbed, leading to
a corresponding small alternation of the magnetic (001) reflection. In larger magnetic
fields, such as µ0H = 4.5 T, 5 T, and 5.5 T, the magnetic (001) reflection is strongly
reduced in intensity and in a field of µ0H = 6 T not observable anymore. These
findings are in good agreement with the magnetic phase diagram derived from the
field-dependent magnetization measurements. A likely scenario for the transition is
shown in the inset of figure 6, where the A-type AFM structure undergoes a field-
induced transition to a FM structure with the magnetic moments laying in the ab plane.
It should be noted that in the series of the ACo2X2 with (A = Cs, Rb, and K
and X = Se, S) compounds, the a-axis is of similar size for all series members, whereas
the c-axis increases strongly from KCo2X2 to CsCo2X2. Thereby, the interlayer distance
of the CoX4-layers increases and causes the difference in the magnetic behaviour This
suggests that a variation of the magnetic properties by chemical variation of the
interlayer distance might be of great interest for these and related materials. This
is especially expected since the fragile antiferromagnetic order in CsCo2Se2 can be
perturbed in a facile manner by a weak external magnetic field.
4. Conclusion
In summary, we report on the magnetic properties of CsCo2Se2, which we have
investigated by a series of NPD and by SQUID magnetometry measurements. We
find that CsCo2Se2 is an antiferromagnet with a Ne´el temperature of TN ≈ 66 K with
an effective magnetic moment of µeff ≈ 1.81 µBohr/Co. However, its nearest neighbour
interactions between the magnetic moments are ferromagnetic. In the collected NPD
data, we observe a single magnetic diffraction peak at 2Θ = 7.2◦ below TN, which
corresponds to the magnetic propagation vector ~k = [1, 0, 0]. We have found a unique
solution of the magnetic structure of CsCo2Se2, where the magnetic moments are aligned
ferromagnetically in the ab plane. These FM sheets order antiferromagnetically along
the c-axis. In external magnetic fields up to µ0H ≥ 7 T CsCo2Se2 undergoes a
metamagnetic transition. A spin rearrangement occurs already for a comparably small
critical field of µ0HMM(5K) ≈ 0.3 T with the moments fully ferromagnetically saturated
in a magnetic field of µ0HFM(5K) ≈ 6.4 T. Our study characterizes CsCo2Se2, which is
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chemically and electronically posed closely to the AxFe2-ySe2 superconductors, as a host
of versatile magnetic interactions that likely can be tuned by chemical variation of the
interlayer distance. In further studies, the strong correlation between the structure and
magnetism in these materials may give new insights into the nature of the magnetic and
superconducting interactions in the ThCr2Si2-related superconductors and magnets.
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